Abstract-In this paper, we consider a fixed wireless cellular network that uses dynamic time division duplex (D-TDD). We analyze the signal-to-interference ratio (SIR) outage performance of a D-TDD fixed cellular system, and propose a scheme to improve the outage probability performance. First, outage probability is evaluated using an analytical model, when omnidirectional antennas are deployed at a base-station site and a subscriber site. Our model is verified, using Monte Carlo simulations. According to our investigation, the outage performance of the D-TDD system is severely limited by a strong interference from the cochannel cell on the downlink, while the reference cell is in the uplink cycle. To improve the outage performance during uplink receptions, we introduce two time-slot allocation methods, combined with sector antennas: the Max Min{SIR} and Max{SIR}. The Max Min{SIR} is an exhaustive search algorithm for assigning subscribers to a few extra uplink time slots, so as to maximize the minimum SIR expectation value over the extra uplink time-slots region. It is used as a performance benchmark in our analysis. Meanwhile, the Max{SIR} is a simpler and efficient algorithm for improving the outage performance. It is established that the performance difference between the two algorithms is not noticeable. Especially, the difference is negligible, when the dynamic range of the traffic pattern between uplink and downlink is small. Also, the outage performance of a system that employs the Max{SIR} algorithm combined with sectored antennas is compared to that of a system employing adaptive-array antennas. The proposed system shows promise, and offers a compromise between system complexity and network guaranteed availability.
be no interference between uplink and downlink transmissions, as long as the frequency band between the separate carrier bands is wide enough (usually by 5% of the carrier frequency).
In cellular systems, interference between the uplink and downlink can be avoided by deploying FDD operation, even though base stations (BS) are not synchronized. In FDD systems, the uplink and downlink channel bandwidth is usually fixed. Thus, FDD operation is efficient for supporting symmetrical up/down traffic, e.g., voice traffic. Meanwhile, time-division duplex (TDD) requires a single common carrier frequency for uplink and downlink transmissions. This single carrier frequency allows easy access to channel state information, and reduces complexity of RF design. TDD operation can be further divided into two modes: static TDD (S-TDD) and dynamic TDD (D-TDD). In S-TDD operation, a portion of each frame is allocated for uplink reception, and the remaining is assigned for downlink transmissions. On the other hand, the portions of uplink and downlink transmissions are assigned dynamically in D-TDD systems. As the need for broadband multimedia communications involving digital audio and video grows, it is increasingly important for the communications systems to support traffic that comes with different Quality-of-Service (QoS) requirements. Considering that the nature of two-way multimedia traffic is bursty (time-varying) and asymmetric, D-TDD is a very promising technique for supporting multimedia.
However, since uplink and downlink transmissions share the same frequency in all TDD systems, the signals on the two transmission directions can interfere with one another [1] - [4] . Indeed, TDD systems are seriously limited by cochannel interference (CCI) from BS in their downlink cycle when a reference BS is in its uplink cycle, receiving signal from subscribers (SC). This stems from the fact that the propagation from a base station to a base station (BS-to-BS) suffers less attenuation than that from a subscriber to a base station (SC-to-BS), because the antenna height at a BS site is much higher than that at a SC location. In contrast, signal-to-interference ratio (SIR) outage probability for downlink transmission is relatively improved. In TDD cellular systems, the interference from cochannel BS in downlink (while uplink reception is taking place in the reference cell) is present due to two factors: asynchronism in transmissions of a S-TDD system, and a dynamic boundary between uplink and downlink in a D-TDD system. In a TDD system, when the transmissions are not synchronized, some BSs are in downlink transmission, while others are in uplink reception at the same time [1] . However, in a D-TDD system, even if the 0090-6778/02$17.00 © 2002 IEEE frames are perfectly synchronized among cells, the boundary between uplink and downlink differs among cochannel cells due to dynamic partitioning. Consequently, there may exist downlink-to-uplink interference [2] , [3] . Thus, despite the benefits of TDD, the D-TDD system will be a poor performer, unless a countermeasure is employed.
In this paper, we evaluate the SIR outage performance of uplink reception for a D-TDD/time-division multiple-access (TDMA) access in fixed wireless systems. We develop an analytic model of SIR outage for uplink reception to investigate behavior of CCI. The analytic model is verified using Monte Carlo computer simulations. As shown later in the paper, the performance of D-TDD systems is severely degraded in CCI, when an omnidirectional antenna is deployed both at a BS and an SC site. To reduce CCI by interference avoidance, we consider time-slot allocation (TSA) techniques, combined with sectored antenna layouts at the BS site, and we propose what we refer to as Max{SIR} and Max Min{SIR} algorithms. Also, the outage performance with sectored antennas using TSA is compared to that of cellular base stations using adaptive-array antennas (AAA).
The rest of the paper is organized as follows.
In Section II, we analyze SIR outage performance using an analytical model. The result from analytical model is verified, using Monte Carlo computer simulations. In Section III, we consider the two kinds of TSA strategies for improving the SIR performance. First, the Max Min{SIR} is investigated, and its performance is used as a benchmark. Then, a simple TSA strategy (Max{SIR}) is investigated. In Section IV, we provide numerical results for the TSA systems. The performance of the TSA algorithm is compared with that of an AAA system, as well. In Section V, we conclude with a brief summary of our work and state our conclusions based on the results obtained.
II. DYNAMIC TDD SYSTEMS
In this section, we investigate statistical behavior of CCI for D-TDD/TDMA systems. We focus on the uplink outage performance. In TDMA systems, the outage probability at a certain time slot is the same as the aggregate probability over a frame, if all time slots are assigned to active users in a perfectly loaded system. Also, frames are perfectly synchronized among the BSs. In this case, it has been shown that the probability density function (pdf) of aggregate CCI is unimodal in S-TDD systems, since all the cochannel cells are assumed to be in the same cycle as in the reference cell. Thus, the characteristics of CCI in each time slot is statistically homogeneous, i.e., statistical parameters of CCI are similar. However, we find that the pdf of CCI is bimodal in D-TDD systems, as shown in Sections II A-C. This means that heterogeneous statistics of CCI are present over the uplink time slots, even when the frame is perfectly loaded. This is because of the different signal propagation characteristics of the BS-to-BS path and the BS-to-SC path.
A. Cellular Structure/D-TDD Frame Structure
We consider a hexagonal cellular structure in our evaluations and designs. The reference cell of interest, aimed for analyses, is interfered by two tiers; six cells in the inner tier and twelve (b) Mini slot structure. Note that the boundary between the uplink and downlink slots is dynamic. cells in the outer tier. The entire cellular system is continuously covered by the hexagonal structure with no overlap. It is assumed that the cochannel cells beyond the second tiers do not contribute significantly to the aggregate CCI. Fig. 1 illustrates a D-TDD frame structure. The first and the last time slots are assigned to uplink receptions and downlink transmissions. During this time-slot interval, all the cochannel cells are in the same cycle as in the reference cell. We denote this time-slot interval as . Other time slots are assigned dynamically based on the service requirements for different link connections. The number of extra uplink time slots is chosen as an integer over a range between 0 and . This is uniformly distributed as , and is the maximum number of extra uplink time slots allowed in each frame. The time slot region, from the th to the th, is called the extra uplink time-slot region, denoted as . During this interval, cochannel cells are in uplink or downlink cycle. We assume that the frame is perfectly loaded, i.e., all the time slots in each frame are assumed to be assigned to either an uplink or a downlink transmission. Since our prime concern is placed on the outage probability performance of D-TDD/TDMA systems, the assumption of a perfectly loaded system provides the worst scenario for CCI evaluation. Therefore, the outage performance reported in this paper sets an upper bound on similar practical system performance.
B. Path-Loss Model
In our analysis, only lognormal fading is considered to model the shadowing effects in a fixed wireless loop environment. The received signal power level in dB under lognormal fading can be modeled as follows [5] : (1) where is a random variable (RV) representing the shadowing effects in propagation, and it is a zero-mean Gaussian RV with standard deviation of in decibels, . The parameter denotes local mean power (LMP), which is modeled as a function of the distance between transmitter and receiver , the path-loss exponent , the transmitter power level in dBm, and the transmitter and receiver antenna gains, and in dBi, respectively (2) We consider an azimuth plane only, which is of interest in cellular systems.
From (1), the received signal power in decibels from the desired SC is given by (3) where is a Gaussian RV with , and is the standard deviation in dB, due to the propagation environment between SC and BS; LMP, , is given by (4) where is the distance between the reference BS and SC, is the path-loss exponent for the propagation between the BS and SC.
Meanwhile, the aggregate CCI in decibels consists of all CCI from cochannel cells (5) where in (5), is the total number of cochannel interferers, related to the number of interfering tiers, and is the CCI from the th cochannel interferer. We assume that CCI from the cochannel cells are independent of one another.
In D-TDD systems, partitioning between uplink and downlink time slots is dynamic. Thus, at the th extra uplink time slot in , some cochannel cells are in the downlink cycle, while some are in the uplink cycle. Thus, the CCI from the th cochannel cell is given by from SC from BS (6) where are, respectively, Gaussian RV's with and . Furthermore, is due to the propagation environment between the BS in the reference cell and the BS in the th cochannel cell; , are the LMP values, which are, respectively, given by
where is the distance between BS in the reference cell and the th cochannel interferer, and , are propagation exponents for SC-to-BS and BS-to-BS, respectively. Due to the difference in antenna heights at the BS and SC, the propagation environment of CCI from a BS in a cochannel cell differs compared to that from a SC in a cochannel cell when the reference cell is in uplink reception. Considering the heterogeneous propagation environments, we use an equal to 4, and a equal to 8 dB for the propagation between a BS and a SC, while an equal to 3 and a equal to 6 dB are used for the propagation between BSs. Also, for the sake of simplicity, we use median values for and . Since different propagation environments introduce different values in the path-loss exponents and standard deviation values, the interference level from th cochannel cell at the th extra time slot is different, whether it is originated from a SC or a BS. This feature differs from that in S-TDD systems, where the source of CCI is homogenous. Furthermore, different distance values will result in different LMP values even if all the CCI is initiated from SCs (or BSs). Therefore, in D-TDD operation, the distribution of aggregate CCI depends not only on the configuration of CCI, i.e., the location of cochannel interferer, it also depends on the source of CCI, i.e., whether the CCI is originated from a BS or a SC.
C. Outage Analysis for Omnidirectional Antenna Layout
Usually, omnidirectional or sectored antennas are used at a BS site to provide a uniform service coverage. For an omnidirectional antenna layout, the normalized antenna gain in LMP is 0 dBi for all values of azimuth angle. Thus, the desired signal power is reduced to (8) where . Then, the pdf of the desired signal power is a Gaussian RV, expressed as (9) where and are, respectively, the mean and standard deviation values of the RV in (8). Since the CCI over time slots are mutually exclusive, due to their time-orthogonal nature in a system using TDMA, the pdf of aggregate CCI can be expressed as Prob no. of Ext. Time slots at the reference cell (10) where is the conditional pdf of aggregate CCI, provided that the number of extra uplink time slots is . As we will see later in (15), this conditional pdf is expressed as the sum of two pdf's over two regions, and . When the frame is fully loaded, the distribution of CCI over in (15) is not a function of the time-slot index. This is because the number of cochannel interferers is fixed and all sources of CCI are homogeneous, thereby, the distribution of CCI is the same over this time-slot region. Meanwhile, the distribution of CCI over in (15) depends on the extra uplink time-slot index , due to the dynamic partitioning. We analyze the pdf of aggregate CCI over these two regions, separately.
Over , all the cochannel cells are in the same cycle as in the reference cell. Thus, the CCI is the same as in (6) , whose LMP is expressed as in (7a).
is determined by the geographical location of the cochannel interferer. Note that, is characterized solely by the geographical location of a cochannel interferer .
Aggregate CCI in is given by (11) where is the number of cochannel interferers. Since the frame is assumed to be fully loaded, the number of cochannel interferers is fixed in our analysis. Also, we assume that CCI contributions of different cells are statistically independent. It has been known that the sum of independent lognormal RVs can be well approximated by another lognormal RV. In addition, the computation of the statistical parameters of the sum has been studied extensively [6] , [7] . In our analysis, we use Schwartz and Yeh's method [7] to obtain the parameters, i.e., the mean and standard deviation of the sum. Now, is expressed as (12) where and are, respectively, the mean and standard deviation values of the RV expressed in (11) . In this section, we use symbol to denote the pdf of the sum of -CCI originated from SC sites, while is used to denote pdf of the sum of -CCI from BS sites.
Over the uplink time slots in , the number of cochannel cells allocated for downlink transmission is an RV. Thus, unlike , the aggregate CCI over time slots in is a function of and , where is the number of cochannel cells over downlink cycle, and is the time-slot index in the reference cell in . At the th extra time slot, is expressed by
In (13), is the probability that cochannel cells are in downlink cycle, and cochannel cells are in uplink cycle at the th extra uplink time slot, i.e., , where
The number of uplink time slots at a cochannel cell , and . We assume the number of extra uplink time slots is determined independently for different BSs. As mentioned earlier, the CCI depends on the geographical location of a cochannel interferer, i.e., the configuration of cochannel interferer. In (14), subscript denotes the different configurations of cochannel interferers, given the values for and . The constant in (14) is introduced to meet . Over many user transmission trials, because configurations of cochannel interferers appear uniformly, is simply a reciprocal of the number of all these possible configurations.
Provided that the total number of extra uplink time slots at the reference cell is , the pdf of CCI is expressed by (15) Now, the pdf of CCI is expressed by reference cell (16) Substituting (15) and (12) Notice that, in (17), the term corresponding to is excluded from the summation in the second term, since it is zero. Thus (18) where
The summation in the second term of (18) can be written as Thus, by substituting (19) into (18), the pdf of CCI is expressed in a matrix form as (20) where , and . Now, let us investigate SIR outage probability. The outage is declared when SIR is lower than a threshold value , i.e.
Prob Outage
Prob SIR
where is the pdf of SIR. Since the desired signal and aggregate CCI in dB are Gaussian RVs, the signal and aggregate CCI are assumed to be statistically independent in our analysis, and the pdf of SIR can be expressed as convolution of these two pdf's [8] ( 22) where denotes convolution operator, is pdf of the desired signal power, and is pdf of the aggregate CCI power. Figs. 2 -4 show the numerical evaluation results. In our evaluations, we assume a hexagonal cellular system with a cell radius of 2 km, and a frequency reuse of seven is considered. Also, 12 SCs are served per frame. Fig. 2 shows the pdf of CCI,
. There are two peaks in the pdf curve, i.e., the pdf is bimodal. The peak on the left, which causes a severe outage probability degradation, is due to the strong CCI present over , while the second peak is mainly due to the CCI over . The SIR outage performance of D-TDD systems is shown in Fig. 3 . The effect of strong CCI is dominant on the outage performance. For omnidirectional antenna layouts, it is shown that the outage performance of uplink reception is severely degraded. Fig. 4 shows the effect of on the SIR outage probability. A threshold SIR value of 17 dB is assumed. The value is sufficient for a fixed wireless local-loop application. It is shown that the outage probability performance becomes poorer, as the number of extra uplink time slots is increased. This is because the expected number of BS-to-BS cochannel interferers, the dominant source of CCI, is increased, as is increased. In the figure, when , the outage probability represents that of a S-TDD system. The outage probability of a S-TDD system can be improved by increasing the frequency reuse number, at the cost of a poor spectral efficiency. As an alternative, the uplink outage performance of a S-TDD system can be improved by employing a high-gain antenna at SC sites, while that of a D-TDD remains severely degraded due to BS-to-BS CCI [2] .
In contrast, during the downlink transmissions, the heterogeneous CCI from a SC in a cochannel cell is expected to suffer more attenuation than that from a BS in a cochannel cell. For instance, if there are cochannel interferers in the downlink timeslot of interest, all CCIs in a S-TDD system are originated from BSs in cochannel cells. Meanwhile, in a D-TDD system, some of the CCIs may be originated from SCs in cochannel cells, due to the dynamic partitioning. Since CCI from a SC site is weaker than that from a BS site, the aggregate CCI in a D-TDD system over extra downlink cycle is weaker than that in a S-TDD system. Thus, the outage performance of downlink transmission is relatively improved, compared to that in a S-TDD system. This implies that the performance of D-TDD is limited by the uplink reception, rather than by downlink transmission. Consequently, unless a certain countermeasure is employed to suppress the deleterious effects of on the uplink reception, the performance of D-TDD system is seriously degraded.
To summarize, we investigated the statistical behavior of CCI. It was shown that the outage probability curve is seriously degraded when omnidirectional antennas are used. Since in this application the dominant cochannel interferers can be resolved spatially, spatial filters such as sectored antennas or AAAs at the BS site are expected to improve the outage performance substantially. In theory, AAAs can produce one less null than the number of antenna elements [9] . Thus, CCI can be eliminated by forming a deep null in the direction of interference. In [2] , [3] , significant improvements have been noted using 8-, 16-, and 26-element AAAs for a square grid cellular system. Meanwhile, a sectored antenna system can be considered as a means to suppress CCI, as well. However, such a system is not as efficient as an AAA system. Since the beam pattern of a sectored antenna is fixed, the antenna gain in the direction of the desired signal cannot always be maximized.
III. TSA STRATEGIES
As mentioned in Section II, the outage performance of a D-TDD system is interference limited in the uplink reception cycle. Especially, the uplink outage performance is severely degraded because of strong BS-to-BS CCI that is present over the extra uplink time-slot region. Thus, a method to improve outage probability over the region will improve the overall uplink outage probability of a D-TDD system. The two antenna systems described in Section II suppress the CCI by increasing the spatial resolution, given the configuration of cochannel interferers. However, another possibility for improving the uplink SIR outage performance is to schedule the SC transmission order for all extra uplink time slots by exploiting spatially distributed SCs, such that the expectation of SIR over this region is improved. To be specific, by employing a simple spatial-filtering scheme, such as a sectored antenna, a BS can estimate the aggregate CCI caused by for each sector. Also, spatially distributed SCs provide the degree of freedom for a BS to choose a sector, in reference to the SC position, which is the best, in the sense that minimum CCI is introduced. Exploiting the orthogonal nature of the TDMA frames, a BS can schedule a SC transmission request for all the extra uplink time slots, such that the best sector is active for the time slot. This method is referred to as interference avoidance, rather than interference suppression. In other words, the aforementioned spatial-filtering schemes try to suppress the CCI for a given configuration of cochannel interferers, while the TSA strategies introduced in this section try to avoid the CCI by exploiting the spatial distribution of SCs locations within a cell and the time orthogonal nature of TDMA frames. To illustrate how the TSA strategies work, let us explain the Max{SIR} algorithm, which is one of the algorithms introduced in this section. At the th extra uplink time slot, there are cochannel cells in the downlink, whose direction of arrival is assumed to be known to the reference BS. The BS estimates CCI levels, due to those cochannel cells. Then, it estimates SIR values for all SCs served for the frame, based on the estimated CCI levels due to downlink cochannel cells. Since there are uplink time slots for SCs, some of the SCs are allowed to transmit over multiple time slots. To consider this, let us denote the SC's uplink transmission requests as SC resource table . Now, from the SIR estimated values, the BS selects that SC from , for which the estimated value of SIR is maximum for the th uplink time slot. Then, the table is updated. This assignment procedure is performed over , then, the remaining SCs are assigned over .
A. System Specification and Assumptions
To make use of TSA strategies, the following is assumed. All the BSs share the frame resource information such as the number of downlink time slots, the active sector index table, etc. Hence, the reference BS knows when a cochannel cell starts downlink transmissions, and which sector will be turned on at each downlink time slot. SCs are allowed to transmit uplink (or downlink) transmission based on contention or reservation. However, initial call setup should be established based on contention. For the call setup establishment, mini time slots can be considered. In a mini time-slot structure, one or more time slots are divided into several time slots. Over several mini time slots, SCs send a transmission request to a BS. Then, a BS determines SCs from requests for uplink/downlink transmissions and broadcasts the results [see Fig. 1(b) ]. Also, we assume that the SCs are distributed uniformly over the cell coverage area. Once the initial call setup is successful, the subsequent transmissions can be continued either on a contention or on a reservation basis, depending on the service requirements of each session. This scheme can be considered as a combination of slotted ALOHA (a random-access technique) and reservation. Our prime concern here is to address an efficient algorithm to assign uplink time slots so as to suppress the strong CCI, rather than to meet fair queueing policy requirements. Hence, we assume that BS always succeeds to resolve SCs. Also, we assume that the frame information among BSs is shared by all BSs within the cellular systems such that the reference cell can assign uplink time slots, based on the two TSA strategies explained in the following.
B. Algorithms
We consider two strategies: the Max Min{SIR} and Max{SIR}. The Max Min{SIR} maximizes the minimum value of estimated SIR over the extra uplink time-slots region. Since this strategy searches the best possible pairs between SCs and time-slot indices for all the extra uplink time slots in an exhaustive manner, it incurs large complexity, as is increased. It is used as a performance benchmark in our analysis. Meanwhile, the Max{SIR} is a simple and efficient algorithm for improving the outage performance. The objective of TSA is to assign SCs over the extra uplink time-slots region such that the uplink SIR outage probability performance is improved.
1) SIR Level Estimation:
The SIR level is estimated based on the LMP values, i.e., the effect of fading is not considered for the estimation. Also, SIR values used in TSA are estimated only based on the CCI values from a cochannel BS on the downlink. Hence, the estimation procedure is performed over , since is present over this region. The signal power level of the th SC in decibels is estimated as follows (23) where is the antenna gain in the direction of the desired SC, and is the distance between the reference BS and the SC. Since the geographical location of SCs within a cell is known to a BS, the signal power level can be estimated by a lookup table method.
In a similar manner, at the th extra uplink time slot, aggregate CCI in dB can be obtained by counting all CCI originated BSs, when sector is active at the reference BS (24) where is the CCI from the th cochannel cell in downlink transmission when sector is active at the reference BS, given by (25) Notice that, will be different for an active sector index , which depends on the geographical location of a subscriber. Now, the estimated SIR level for the th SC at the th extra time slot is given by (26) 2) Max Min{SIR} Algorithm: The best pairing strategy that minimizes outage probability is to maximize the minimum value of , i.e.
The strategy searches the best pair of an SC and uplink time-slot index for all extra uplink time slots in an exhaustive manner. The assignment algorithm is depicted on the flow chart in Fig. 5 . In the figure, denotes an assignment operation that the element in is assigned to in . Also, "-" denotes the set subtraction, however, since there may be more than two identical elements in the set , only one of them is subtracted. After the procedure is performed over , the remaining elements in are assigned over . Since this procedure maximizes the minimum , the outage probability is minimized. However, this strategy takes some intensive computations, as is increased. We use the outage performance using the Max Min{SIR} algorithm as a benchmark. 3) Max {SIR} Algorithm: Max{SIR} algorithm assigns the th SC at the th extra uplink time slot, which satisfies the following:
The expected number of cochannel interferers in the downlink at the th extra time slot is increased as the index is increased. Thus, it is expected that SIR is the lowest at the th extra uplink time slot. The algorithm starts to search the subscriber from the th extra uplink time slot. The subscriber is assigned, then and are updated. This procedure is repeated, until the first extra uplink time slot is assigned. This is illustrated on the flow chart in Fig. 6 . Since the Max{SIR} performs the pairing search procedure on a time slot basis, it requires less computations than the Max Min{SIR}.
IV. SIMULATION RESULTS
We assume a hexagonal cellular system with a cell radius of 2 km. Frequency reuse of seven is considered. Each TDD frame is divided into 48 time slots and serves 12 SCs . At least one slot is assigned for each user for uplink and downlink transmissions. Thus, the maximum number of time slots for the downlink can be 36. A BS schedules time slots on a frame-by-frame basis. No specific modulation scheme, diversity reception, error control coding, nor an equalization technique is considered, herein. Only SIR is investigated as a performance measure for the systems under investigation. Multipath fading is not considered, either. Since multicarrier modulation has the potential to eliminate the intersymbol interference (ISI) effect completely, orthogonal-frequency division multiplexing (OFDM) can be used as a modulation scheme for the D-TDD system. For simplicity, channel is assumed to be a single-ray, frequency-flat fading. The maximum transmission power over the azimuth plane from SCs and BSs are assumed to have the same levels. In practice, these are of different power levels. However, in the simulations, these differences are taken into account by the use of different propagation exponent factors.
A. Square-Aperture Antenna Layouts
-sectored antennas are deployed at BS sites, where . At each sector, a square-aperture antenna is deployed. Under uniform illumination, the far-field antenna pattern over azimuth plane is proportional to [10] (29)
where is the wave number, is the lateral size of the aperture, and is the azimuth angle. Thus, the power gain pattern is given by . To complete sectored antenna, -square-aperture antennas are mounted such that the half power beam width (HPBW) points of antennas are overlapped. Thus, the normalized antenna beam pattern is fully characterized by the number of sectors. For example, if the number of sectors is eight, the HPBW of each sector is 45 . Also, the square-aperture antenna with a HPBW of 20 is deployed at the SC site to suppress the CCI of SC-to-SC type. Fig. 7 shows the performance comparison of the two TSA strategies: the Max{SIR} and the Max Min{SIR} [11] . For comparison purposes, we used a 12-sector antenna at the BS sites, and a 20 high-gain antenna at the SC sites. The Max Min{SIR} algorithm is a more efficient algorithm than the Max{SIR} algorithm in avoiding strong CCI, , at the expense of higher complexity. As the traffic becomes more dynamic, the computations intensity is increased, exponentially. Meanwhile, the Max{SIR} algorithm is simple and efficient. It is shown that the difference in the outage performance is not noticeable. At an outage probability of 1%, the difference in the achievable SIR values between these two algorithms are about 1 and 0.3 dB for and , respectively. Also, when , the difference is negligible. Thus, the Max{SIR} algorithm performs well over a large range of traffic dynamic . Fig. 8 shows outage probability of a 15-sector antenna system with/without TSA. In the simulation, the Max{SIR} was used. It is shown that the outage probability is improved substantially (14 dB improvement at an outage probability of 1%) when the TSA is employed. Usually, this requires fine spatial resolution in order to suppress CCI at the expense of system complexity. However, using the simple TSA (Max{SIR}), outage probability performance can be substantially improved. Also, considering that a system is rarely utilized perfectly, the fixed-antenna layout based on a worst-case design may underutilize the system resources. Consequently, using TSA, combined with a sectored-antenna layout, provides a compromise between the system complexity and performance. Fig. 9 shows the SIR outage performance for the Max{SIR} with different spatial resolution at a BS. The increase in the number of sectors results in a fine spatial resolution. Thus, BS has a larger degree of freedom to select the SC so as to avoid CCI. Computer simulations show that the difference in achievable SIR value between an eight-sector and a 12-sector antenna is about 4.6 dB at an outage of 1%, when . Finally, an outage performance comparison between a system employing the Max{SIR} algorithm and that employing an AAA is made in Fig. 10 . Minimum mean-square error (MMSE) scheme is used for adaptive beam-forming. The possible system layouts to guarantee the target outage probability at the SIR threshold value of 17 dB is tabulated in Table I . For instance, to maintain an uplink SIR outage probability of 1% at a threshold SIR value of 17 dB, a system employing the Max{SIR} algorithm requires at least 15 sectors, while a system employing an AAA requires at least 26 sensor elements. Our simulation shows that the outage performance of a 15-sectored antenna system with the Max{SIR} algorithm is almost comparable with that of a 26-element adaptive-antenna system.
V. CONCLUSIONS
In this paper, we evaluated cochannel interference in a D-TDD system, and proposed two time-slot assignment methods to improve the uplink outage probability, which limits the performance of the system in a fixed cellular network. First, we investigated the SIR outage probability of a D-TDD system using an analytic model. It was shown that our model is in close agreement with simulations on the outage performance when an omnidirectional antenna is employed both at base station and at subscriber sites. According to our investigations, a D-TDD system is vulnerable to strong CCI, , due to dynamic partitioning of uplink and downlink time slot for an omnidirectional antenna layout. Also, it is shown that the outage performance degrades as , the maximum number of extra time slots, increases.
We propose TSA strategies to improve the uplink outage performance. Two kinds of TSA algorithms are considered, the Max Min{SIR} and the Max{SIR}. The Max Min{SIR} strategy provides higher improvements in the outage probability than the Max{SIR} strategy does, since it maximizes the minimum value of estimated SIR among all the possible subscriber/time-slot assignments. However, computational complexity is increased as is increased. Meanwhile, the Max{SIR} algorithm requires fewer computations. The difference in SIR outage performance between the two algorithms is not noticeable. In particular, the difference is negligible when the range of traffic dynamics is small (e.g., for ). Our simulation shows that the Max{SIR} algorithm, combined with a sectored-antenna layout, provides substantial improvements in the outage probability. It is shown that the outage performance of a 15-sector antenna system with the Max{SIR} algorithm is comparable to that of a 26-element AAA system. The proposed strategy shows a practical compromise between the complexity/cost and the required outage performance.
